The magnitude and direction of sexual size dimorphism (SSD) varies greatly across the animal kingdom, reflecting differential selection pressures on the reproductive and/or ecological roles of males and females. If the selection pressures and constraints imposed on body size change along environmental gradients, then SSD will vary geographically in a predictable way. Here, we uncover a biogeographical reversal in SSD of lizards from Central and North America: in warm, low latitude environments, males are larger than females, but at colder, high latitudes, females are larger than males. Comparisons to expectations under a Brownian motion model of SSD evolution indicate that this pattern reflects differences in the evolutionary rates and/or trajectories of sex-specific body sizes. The SSD gradient we found is strongly related to mean annual temperature, but is independent of species richness and body size differences among species within grid cells, suggesting that the biogeography of SSD reflects gradients in sexual and/or fecundity selection, rather than intersexual niche divergence to minimize intraspecific competition. We demonstrate that the SSD gradient is driven by stronger variation in male size than in female size and is independent of clutch mass. This suggests that gradients in sexual selection and male-male competition, rather than fecundity selection to maximize reproductive output by females in seasonal environments, are predominantly responsible for the gradient.
Introduction
Within animal species, similarly-sized males and females are the exception, not the norm (Fairbairn 2007) . The direction and magnitude of this sexual size dimorphism (SSD) vary greatly across the animal kingdom; in vertebrates alone, females are larger than males (female-biased SSD) in some taxa and males are larger than females in others (male-biased SSD). For example, some female deep-sea anglerfishes (Lophiiformes) are six times larger than their conspecific males (Pietsch 2005) , while male northern elephant seals Mirounga angustirostris are three times larger than females A biogeographic reversal in sexual size dimorphism along a continental temperature gradient Simon Tarr, Shai Meiri, James J. Hicks and Adam C. Algar S. Tarr (http://orcid.org/0000-0001-8464-1240) , J. J. and A. C. (adam.algar@nottingham.ac.uk) , School of Geography, Univ. of Nottingham, Nottingham, , Dept of Zoology, Tel-Aviv Univ., Tel-Aviv, Israel. Research (Fairbairn 2007) . SSD also varies geographically in a range of taxa, including lizards (Cox et al. 2003 , Algar and López-Darias 2016 , bats (Storz et al. 2001) , and beetles (Stillwell et al. 2007 ). However, these geographical patterns are not ubiquitous. For example, Cardillo (2002) found no latitudinal trend in SSD of birds, while Blanckenhorn et al. (2006) found latitudinally structured variation in SSD for two-thirds of 96 species from a variety of taxa. Friedman and Remeš's (2016) global study of over 2000 bird species identified a weak tendency for female-biased or low male-biased SSD at high latitudes, with considerable variation across the globe in environment-SSD relationships. Together, these results hint at emergent geographical patterns in SSD, but with considerable variability among taxa and regions, highlighting how much we still do not know about how SSD varies with environmental conditions, and what processes underlie these patterns (Machado et al. 2016) .
SSD arises from differing selection pressures related to the reproductive and/or ecological roles of males and females (Fairbairn 2007) . It may be generated and maintained by selection on resource use and survival (viability selection), or selection on reproductive output (Fitch 1976 , Shine 1978 , 1994 , Berry and Shine 1980 , Stamps 1983 , Fitch and Hillis 1984 , Hedrick and Temeles 1989 , Cox et al. 2003 , PincheiraDonoso and Hunt 2017 . The niche divergence hypothesis posits that, when interspecific competitors are few, intraspecific competition between males and females generates disruptive selection between males and females, producing sexual size dimorphism in either direction (Schoener 1977 , Slatkin 1984 , Shine 1989 , Dayan and Simberloff 2005 , PincheiraDonoso et al. 2009 , Meiri et al. 2014 . Alternatively, selection on reproductive success may take the form of fecundity or sexual selection. Fecundity selection acts on females to maximize reproductive output, via larger clutches and/ or offspring, in contrast to sexual selection which acts on mating success and viability selection which acts on survival (Pincheira-Donoso and Hunt 2017). As larger females can produce larger clutches and/or hatchlings (Meiri et al. 2012, Schwarz and Meiri 2017) , strong fecundity selection could favour increases in female size, possibly leading to femalebiased SSD (Shine 1988 , Pincheira-Donoso and Tregenza 2011 , Pincheira-Donoso and Hunt 2017 . Sexual selection may act via male-male competition for mates and/or territories which favours large males, increasing male-biased SSD (Stamps 1983 , Cox et al. 2003 .
Fecundity, viability, and sexual selection could all produce gradients in SSD if the strength of selection varies geographically. When the breeding season is short, fecundity selection should favour larger clutches and/or offspring to maximize reproductive output during the limited reproductive season (Shine 1988, Pincheira-Donoso and Tregenza 2011) . As larger females can produce larger clutches and/ or hatchlings (Meiri et al. 2012) , selection for increased clutch mass should lead to increased female-biased SSD in seasonal environments. The strength of sexual selection via male-male competition may also vary with climate and may depend on female reproductive strategies. If females in aseasonal environments lay many clutches throughout the year (Meiri et al. 2012 , Mesquita et al. 2016 , then sexual selection in males may be stronger as there are greater benefits to long-term control of high-quality territories or mates than if reproduction occurs in a short burst (Machado et al. 2016) . Strong fecundity selection for large females and/or weak sexual selection for large males in seasonal environments predict a gradient in SSD from male-biased SSD to femalebiased SSD as seasonality increases. We refer to this as the 'reproductive selection hypothesis'.
The niche divergence hypothesis, which relies on disruptive selection between males and females, also predicts geographical variation in SSD, but as a function of the strength of intraspecific versus interspecific competition in an area, rather than climate directly. Specifically, when the number of competitor species is high, SSD will be low as there is limited opportunity of inter-sexual divergence as resources are already exploited by competitors; alternatively, when interspecific competitors are few, there is opportunity for male and female body sizes to diverge to reduce intraspecific competition (Schoener 1977 , Slatkin 1984 , Shine 1989 , Dayan and Simberloff 2005 , Pincheira-Donoso et al. 2009 , cf. Meiri et al. 2014 . The niche divergence hypothesis predicts a negative correlation between the magnitude of SSD, regardless of whether males or females are larger, and the number of co-occurring competitor species. There is conflicting evidence for the niche divergence hypothesis. For example, Pincheira-Donoso et al. (2018) found the predicted negative relationship in local assemblages of South American Liolaemus lizards, but Meiri et al. (2014) found no such relationship on islands worldwide, suggesting that the signal of niche divergence on SSD is scale-dependent (De Lisle and Rowe 2015) . It could also be that the number of co-occurring species is a poor proxy for competitive environment (Meiri et al. 2014) . Thus, we also test whether absolute SSD relates to the spacing between adjacent species in body-size space. When species are more similar in size, there should be less potential for size divergence among the sexes (Supplementary material Appendix 1 Fig. A1) .
We test for a biogeographical gradient in sexual size dimorphism for lizards across Central and North America, from southern Panama to the northern limit of lizards' ranges in southern Canada. We test predictions of the reproductive selection hypotheses by evaluating the relationships between SSD, male and female size, clutch size and climate. We test the niche divergence hypothesis by examining the relationship between the magnitude of SSD, species richness, and species packing (spacing of neighbours in body size space). To address the potential scale dependence of the SSD-species richness relationship, we carry out our tests at three different sampling grains, with the expectation that patterns should emerge most strongly at finer grain sizes, that may better reflect the existence of sympatric competing species. At large grain sizes, estimates of species richness may not reflect sympatry at local scales and thus may not accurately capture the number of competing species. This may especially be a problem in mountainous areas, which have high beta-diversity (Mena and Vázquez-Domínguez 2005) . To account for this, we test whether the slope of the SSDrichness relationship is shallower in mountainous areas. We focus on lizards because their SSD ranges from female-to male-biased (Fitch 1981 , Cox et al. 2007 ) and their ecology and life history is strongly linked to temperature (Pianka and Vitt 2003, Meiri et al. 2013) . Furthermore, males of many lizard species compete for mates and territories (Stamps 1983) , their morphology (including size) has been linked to resource use, competition intensity, clutch size and reproductive output (Butler et al. 2000 , Meiri 2008 , Losos 2009 , Meiri et al. 2012 , Mesquita et al. 2016 , and they display a strong species richness gradient in North America (Currie 1991 , Olalla-Tarraga et al. 2006 , Roll et al. 2017 ).
Methods

Species data
We quantified presence-absence and species richness (SR) in 50 × 50 km, 100 × 100 km and 200 × 200 km grid cells across North and Central America using the Global Assessment of Reptile Distributions range maps (Roll et al. 2017 ) for all 606 lizard species inhabiting this region. We excluded cells with less than 50% land area, leaving 3521, 928 and 246 cells, respectively, for subsequent analysis. We used the maximum recorded snout-vent length (SVL) of males and females as our measure of body size for each sex from Meiri (2018) . Male and female body size data were available for 446 species. We used male and female SVL to calculate sexual size dimorphism (SSD) for each species, following Cox et al. (2003) :
where SVL f and SVL m are female and male SVL respectively. Sexual size dimorphism is positive when females are larger than males, negative when males are larger than females, and zero when the sexes are the same size. This measure of SSD is symmetric around zero, does not asymptote, and contains information on direction, giving it desirable properties as a measure of SSD (Lovich and Gibbons 1992) . To test the niche divergence hypothesis, we calculated the absolute value of SSD for each species and found the average in each grid cell. Absolute SSD measures the magnitude of SSD in a grid cell, regardless of its direction (i.e. whether SSD is male-or female-biased). We also calculated a measure of species packing by computing the mean ratio of SVL between adjacent species in SVL space (henceforth 'SVL spacing') using the mean of maximum male and female SVL for each species (Supplementary material Appendix 1 Fig. A1 ). We obtained clutch mass estimates for 135 species from Meiri's (2018) database by multiplying clutch size by the mass of neonates/ hatchlings (derived from their SVL using conversion equations from Feldman et al. 2016) . We log-transformed clutch mass to help meet subsequent regression assumptions and calculated the mean log clutch mass in each grid cell.
Climate and elevation data
We used the 30 arc-second WorldClim dataset (Hijmans et al. 2005) to quantify climatic variation across North and Central America. For each grid cell we extracted the average mean annual temperature, temperature seasonality, mean annual precipitation, and precipitation seasonality. Temperature seasonality is the standard deviation of mean monthly temperatures ('BIO4' in Hijmans et al. 2005) . Precipitation seasonality is the coefficient of variation of monthly precipitation ('BIO15' in Hijmans et al. 2005) . The duration of conditions favourable for reproduction is likely correlated with mean climatic conditions (Meiri et al. 2012 , Machado et al. 2016 . For example, the annual growing degrees days (sum of temperatures above 5°C) variable from the ENVIREM dataset (Title and Bemmels 2018) had a Pearson's correlation of 0.99 with mean annual temperature in 100 × 100 km grid cells. We used the global 30 arc-second elevation dataset available from Worldclim to calculate elevational range within each grid cell.
Regression analyses
We fit a series of weighted regression models to test our hypotheses' predictions. For all regressions, grid cells were used as the unit of analysis. To test the niche divergence hypothesis, we first regressed mean absolute SSD against the species richness of each grid cell. Next, we fit a model that included an interaction between species richness and elevation range within cells to determine whether the slope of the mean absolute SSD-species richness relationship was greater in areas with small elevational ranges. We repeated the above using SVL spacing, rather than species richness. To test the reproductive selection hypotheses, we fit regression models relating mean SSD, mean clutch size, and mean male and female size to each climate variable. We also tested if mean SSD was related to mean clutch mass across grid cells. As mean annual temperature and mean annual precipitation were the only variables that showed a relationship with any of our dependent variables (see Results), we also fit multiple regressions with these two variables and their interaction as predictors. Mean annual precipitation and SVL spacing were log-transformed to help meet regression assumptions. In all regressions, we weighted data points by the inverse standard error of the response variable in the relevant grid cell. This accounts for variability in mean SSD (or mean SVL or mean log clutch mass) within a cell by assigning lower weights to grid cells where means were less certain. Regressions were limited to grid cells with at least two species with SSD data to allow standard errors to be calculated, leaving 925 (100 × 100 km), 
Randomisation tests
We tested the significance of regression relationships using an evolutionarily-informed randomisation (Warren et al. 2014) , that accounts for spatial and phylogenetic nonindependence. Analyses that apply trait data across species' ranges are sensitive to spurious patterns and inflated type I error rates, even when spatial regression methods are used, because of the spatial cohesiveness of species' ranges (Hawkins et al. 2017) . Type I errors can also arise because of differences in species richness among grid cells, as areas with greater species richness, even when community assembly is random, tend to approach the modal value (e.g. if most species are small, areas with high richness are constrained to have low mean body sizes, but low richness grid cells can contain large or small average body sizes (Meiri and Thomas 2007) ). Null models that maintain range size and cohesiveness and species richness by randomly shuffling trait values can alleviate these problems by identifying relationships that are stronger (or not) than expected due to sampling effects alone. However, they do not consider phylogenetic nonindependence. This can be important because species that occur closely in space are also likely to be closely related and thus may share similar trait values (Warren et al. 2014) . To account for this problem, we simulated Brownian motion of SSD along the lizard phylogeny and used the modelled SSD values at the tree's tips to recompute geographical patterns in mean SSD, thereby generating a null distribution against which to compare the observed relationships (Warren et al. 2014) . This approach maintains the spatial autocorrelation of SSD data that arises from range cohesion and ranges that span multiple cells, while accounting for sampling effects due to species richness differences among cells and for phylogenetic non-independence. We repeated this process for male SVL, female SVL, and log clutch mass for regressions where these were the dependent variables. To carry out our randomisation tests, we simulated Brownian motion of SSD (or SVL or log clutch mass) along Tonini et al.'s (2016) consensus phylogenetic tree. Nineteen species in our dataset were absent from the tree. We grafted these species on to the phylogeny as a sister to their closest relative in the tree at a random location along their terminal branch, or randomly within their shallowest clade affiliation, based on descriptions in the literature (Grummer and Bryson 2014 , Köhler et al. 2014 , Montanucci 2015 , Campbell and Frost 2016 , Lara-Tufiño et al. 2016 , SolanoZavaleta et al. 2016 , Díaz-Cárdenas et al. 2017 , Gottscho et al. 2017 , Poe and Ryan 2017 . A full list of placements is given in Supplementary material Appendix 1 Table A1 . We used the fitContinuous function in Geiger ver. 2.0.6 (Harmon et al. 2008) to estimate the mean SSD (or SVL or log clutch mass) at the phylogeny's root and the rate parameter (σ 2 ; Supplementary material Appendix 1 Table A2 ). We next used the fastBM function in phytools ver. 0.6-44 (Revell 2012) to simulate Brownian motion using these parameters, assigned the simulated values to our species and recomputed the response variable across our cells. We next refit the regression to obtain t-values for the slope. We repeated this 1000 times and computed a two-tailed p-value for the observed relationship. We simulated log clutch mass, rather than clutch mass because simulating clutch mass produced many negative values which could then not be log-transformed (which itself suggests that the observed distribution of clutch mass is not simply a result of Brownian motion evolution).
Data accessibility
All data used in this manuscript are available via Hijmans et al. (2005) , Roll et al. (2017) and Meiri (2018) . A list of species is given in Supplementary material Appendix 1 Table A7 .
Results
SSD varied greatly across lizard species (Supplementary material Appendix 1 Fig. A2 ), from -0.76 (male-biased) in Ctenosaura clarki (male SVL: 250 mm, female SVL: 142 mm) to 0.52 (female-biased) in Phrynosoma hernandesi (male SVL: 82 mm, female SVL: 125 mm). SSD was female-biased in 178 species and male-biased in 251 species. The sexes were of similar size (within 1%) in 34 species.
We found a clear geographical gradient in mean SSD from female-biased SSD in high latitude, colder areas and malebiased SSD in warm, low latitude regions (Fig. 1) . However, there were exceptions. For example, mean SSD was malebiased at the high-latitude limit of lizards' ranges in one part of the central USA. Qualitatively, mean SSD flipped from male-biased to female-biased around 31° latitude, and mean annual temperature of approximately 15°C. As for previous work on lizard body size in North America that did not consider sex, we did not find a clear latitudinal gradients in mean male or female SVL (Olalla-Tarraga et al. 2006) ; geographical patterns of body size for males and females were qualitatively similar (Fig. 2) .
Mean SSD was negatively related to mean annual temperature, based on our randomization test (p = 0.03; Fig 3; Supplementary material Appendix 1 Table A3 ). Mean annual temperature explained 51% of the variance in mean SSD across North America (though this includes potential effects of space and phylogeny). Mean SSD was not significantly related to any of the other climate variables we tested (Fig 3; Supplementary material Appendix 1 Table A3 ), nor was it related to log-transformed clutch mass ( Fig. 3 ; Supplementary material Appendix 1 Table A3 ). We found no interaction effect on mean SSD between mean annual temperature and mean annual precipitation (Supplementary material Appendix 1 Table A4 ). These results were consistent at all grain sizes (Supplementary material Appendix 1 Table A3-A4). The completeness of our SSD data (proportion of species in a grid cell with SSD data) varied between 0.66 and 1.0 (median = 0.95), with the most complete data in north-eastern North America (Supplementary material Appendix 1 Fig. A3 ). However, this variation in sampling is not responsible for the relationship between mean SSD and mean annual temperature, as the relationship remains even after accounting for the proportion of species with SSD data in grid cell, using partial regression (Supplementary material Appendix 1 Fig. A3 ).
Female mean SVL was not significantly related to any of the climate variables after accounting for space and phylogeny via randomisation, regardless of grain size ( Fig. 4 ; Supplementary material Appendix 1 Table A3 ). In contrast, male mean SVL was greater in warmer areas, with mean annual temperature explaining 59% of the variance in male mean SVL (p = 0.01; Fig. 4 Table A3 ). Log clutch mass was related to mean annual precipitation, not temperature, with heavier clutches in drier, areas (p = 0.04; Supplementary material Appendix 1 Table A3 and Fig. A4 ). This relationship was similar across grain sizes (Supplementary material Appendix 1 Table A3 ). We found no relationship between mean log clutch mass and mean annual temperature in a multiple regression, either as a main effect or interaction (Supplementary material Appendix 1 Table A4 ).
We found no relationship between mean absolute SSD, i.e. the magnitude of SSD regardless of direction, and species richness at any spatial resolution (p > 0.6, and R 2 <0.08 for all; Fig. 5 ). We also found no interaction effect of species richness and elevation range on mean absolute SSD (p > 0.6 for all grain sizes, Supplementary material Appendix 1 Table  A5 ). Mean absolute SSD was unrelated to the SVL spacing of species in all grid cell sizes (p > 0.9 for all; see Fig. 5 for results at 100 × 100 km). We found no interaction effect between SVL spacing and elevation range at any resolution (p > 0.35 for all; Supplementary material Appendix 1 Table A6 ).
Discussion
We found a continental-scale gradient in lizard sexual size dimorphism that included a switch from female-biased SSD in cold environments to male-biased SSD in warm ones. This gradient was related to mean annual temperature, which also reflects the potential length of breeding season in reptiles and other taxa (Meiri et al. 2013, Machado et al. 2016). This biogeographical pattern cannot be explained as a by-product of Brownian motion evolution, the cohesive structure of species' ranges, or sampling effects due to species richness differences. It thus likely reflects differences in the evolutionary rate and/or trajectory of male and female size differences along the continental temperature gradient that are consistent with differential selection on reproductive success of males and females.
The switch from male-biased SSD to female-biased SSD at mid-latitudes in North America is similar to the global pattern in birds, which also have female-biased SSD, or low malebiased SSD, at high latitudes (Friedman and Remeš 2016) . However, the lizard and bird SSD gradients are not identical. In particular, Friedman and Remeš (2016) found only a very weak global association between climate (including mean annual temperature) and avian SSD. The strength of this relationship varied by biogeographic realm, but was weak, or non-existent, within the Nearctic and Neotropics. However, Friedman and Remeš (2016) did not analyse these realms together, as we did; the greater female-bias in bird SSD in the Nearctic relative to the Neotropics is roughly collinear with the continental temperature gradient. Of course, other differences between lizards and birds could be responsible for differences in how SSD relates to temperature. Thermoregulatory strategy -ectothermy versus endothermy -is a tempting hypothesis, but differences could also arise from flight capacity, dispersal ability, migratory behaviour, diet variation, microhabitat use, mating system and so on.
The lizard SSD gradient we observed is consistent with the reproductive selection hypothesis, suggesting Figure 3. Relationships between sexual size dimorphism (SSD) and climate for lizards in 100 × 100 km grid cells across North and Central America. Only the SSD-mean annual temperature relationship was significant (p = 0.03; black regression line) relative to the expectation under a Brownian motion evolution of SSD. When SSD is positive, females are larger than males; when it is negative, males are larger than females. Tseas is temperature seasonality, Pann is mean annual precipitation, and Pseas is precipitation seasonality.
continental-scale variation in climate does exert pressure on traits related to reproduction (Macías-Ordóñez et al. 2013 , Machado et al. 2016 ). However, our findings are not entirely clear on the relative roles of female fecundity selection and male sexual selection. Fecundity selection imposed by a short reproductive season in seasonal environments should favour greater reproductive output within a limited time frame (Shine 1988 , Pincheira-Donoso and Tregenza 2011). As larger females can produce larger clutches and/or offspring (Meiri et al. 2012 ), shorter breeding seasons should thus select for larger females, leading to female-biased SSD in cold, seasonal environments, as observed. However, other lines of evidence suggest the fecundity selection is not the complete story. First, female body size varied little in response to the continental temperature gradient. Second, clutch mass varied with mean annual precipitation, but it was unrelated to temperature, the latter being a stronger predictor of SSD. As such, clutch mass and SSD were not correlated, as we would expect if selection for greater clutch mass was producing female-biased SSD. SSD and clutch mass could be decoupled for several reasons. In particular, females can achieve larger clutches by increasing the size of their abdominal cavity with little increase in their snoutvent length (Scharf and Meiri 2013) , which then wouldn't affect SVL-based measures of SSD. An increase in species exhibiting viviparity in cold environments , which also leads to less frequent clutches, could have also contributed to the SSD gradient. The lack of relationship between SSD and clutch mass suggests that female-biased SSD can arise for reasons other than, or in addition to, fecundity selection (PincheiraDonoso and Hunt 2017).
The SSD gradient predominantly reflects variation in male size rather than in female size. SSD and male SVL both varied with mean annual temperature, while female SVL did not, though the relationship between male SVL and temperature was much weaker than that of SSD. Still, while our findings must be interpreted cautiously, males tended to be smaller in cooler, more seasonal areas, contradicting Olalla-Tarraga et al. 's (2006) analysis of body size variation (ignoring sex) in North American lizards. However, our analysis included Mexico and Central America, where male lizards, on average, tend to be large, whereas OlallaTarraga's et al. 's (2006) only included the USA and Canada. The patterns we observe in the USA are similar to theirs. While female size closely tracked the male pattern, there was insufficient variation in female SVL through space to recover a significant relationship with temperature. Greater variation in males than females is common in studies of sexual dimorphism and is consistent with, if not entirely indicative of, Rensch's rule, which states that when males are larger than females, SSD increases with body size and when females are larger, SSD decreases with body size (Abouheif and Fairbairn 1997, Blanckenhorn et al. 2006) .
The gradient in SSD and male size is consistent with stronger sexual selection, via male-male competition, in warmer environments that lack a prolonged cold season. We found no relationship with precipitation seasonality, suggesting differences between dry and wet seasons are less important than temperature variation for sexual size dimorphism; this could be because lizards, in general (though there are exceptions), are able to effectively exploit dry environments (Roll et al. 2017) . Sexual selection may act directly on male size, if larger males are able to control higher quality territories or access Figure 4 . Relationships between sex-specific mean body size (snout-vent length; SVL) and climate for lizards in 100 × 100 km grid cells across North and Central America. The relationship between male SVL and mean annual temperature (black line) had p = 0.01 relative to the expectation under Brownian motion evolution. Tann is mean annual temperature, Tseas is temperature seasonality, Pann is mean annual precipitation and Pseas is precipitation seasonality.
to females. It could also act indirectly, via traits like head size; larger heads increase bite force and combat success in lizards (Herrel et al. 1999 , Scharf and Meiri 2013 , LopezDarias et al. 2014 . Sexual selection on males could be higher in warm, aseasonal environments because the abundance and continual access to resources lessens the relative strength of viability selection or because when resources and reproductive opportunities are available year round, there may be greater total benefit for males that can control high-quality territories and access to mates (Machado et al. 2016) . Female lizards tend to have more clutches, spread through the year, in warm, aseasonal, environments (Mesquita et al. 2016) , which fits with this hypothesis and suggests that gradients in male sexual selection are not decoupled from female fecundity selection. Overall, while the patterns of SSD and male size we uncovered are consistent with the reproductive selection hypothesis, especially a gradient in sexual selection, the evidence is indirect and other processes could produce the same pattern. Inverse Bergmann's clines (smaller body size in cold environments), like that observed here for males, are far from ubiquitous in lizards, but nor are they rare (Ashton and Feldman 2003 , Cruz et al. 2005 , Olalla-Tarraga et al. 2006 , Pincheira-Donoso and Meiri 2013 , Muñoz et al. 2014 . Hypotheses have been proposed to explain these clines based on thermoregulatory requirements, via heating and cooling rates, and resource availability (Ashton and Feldman 2003, Sears and Angilletta 2004) . Gradients in SSD along temperature gradients could arise if these pressures exert stronger selection on males, or males exhibit greater responses to selection. For example, in some species, gravid females thermoregulate more precisely (Beuchat 1986 ) and may maintain different body temperatures than males (Shine 1980 , Beuchat 1986 , Schwarzkopf and Shine 1991 , which could alter body size gradients as females would operate under different temperatures than males. Another hypothesis, which we propose, is that fecundity selection for larger female size and reproductive output could oppose viability selection for smaller size in cold and seasonal environments, leading to a flatter gradient in female size and an increase in female-biased SSD as males become smaller in cold places. Data on proxies of sexual selection across temperature gradients, such as territoriality, head size, mating system, or -best of all -direct measures of sexual and fecundity selection in the field, are needed to test hypotheses for the biogeographical pattern we have identified here. The continental mean SSD gradient in lizards was not linked to species richness, at least at the coarse grain size examined here. The niche divergence hypothesis proposes that selection favours size divergence between males and females to limit intraspecific competition for similar resources (Schoener 1977 , Slatkin 1984 , Shine 1989 , PincheiraDonoso et al. 2009 , Meiri et al. 2014 . Past findings for this hypothesis are mixed across taxa, including lizards: Schoener (1977) found evidence consistent with this pattern for Anolis lizards on small Caribbean islands, but a more recent geographically and taxonomically comprehensive analysis did not find lower SSD on species-rich islands (Meiri et al. 2014) . Our results are consistent with Meiri et al.'s (2014) findings. Instead of a negative correlation between SSD and species richness, we found a funnel-shaped relationship between absolute SSD and species richness, which is consistent with the expected sampling effects of species richness on SSD. When richness is low, mean SSD can be either high or low, but as richness increases, SSD is increasingly constrained to be closer to the mean. Thus, we found no evidence of a negative relationship between SSD and richness. PincheiraDonoso et al. (2018) found a relationship between SSD and richness in local assemblages of Liolaemus lizards. They suggested that the mixed evidence for the niche divergence hypothesis reflects differences in spatial and ecological scales, where effects of competition on inter-sexual niche divergence will only appear at local scales (also see De Lisle and Rowe 2015). It is thus possible that the species richness of large grid cells, as used here, does not accurately reflect the number of competitors that a species interacts with. This may especially be true in mountainous areas with large environmental gradients and high species turnover. However, our results suggest that the SSD-richness relationship is not stronger in flatter areas where we would expect grid cell richness to better reflect local richness. This suggests either that intersexual niche divergence is not constrained by interspecific competitors, that its effects are not strong enough to leave a signature at macroecological scales, that range maps are too coarse to capture richness patterns accurately, or that species richness is a poor proxy for the ecological opportunities available for intersexual niche divergence (Meiri et al. 2014 ). Related to this final point, we found no relationship between SVL spacing, i.e. species packing, and mean absolute SSD. If interspecific competition was constraining SSD, as posited by the niche divergence hypotheses, then SSD should have been lower when species in a grid cell are more similarly sized, but it was not. Our findings suggest that, while competitive processes may be important at local scales, or within guilds, selection on reproductive success is a more likely explanation for broader, continental scale SSD gradients than competition-driven niche divergence.
Classically, studies of macroecological variation in body size across broad geographical extents have ignored sex. Our finding that the direction of SSD switches from larger males to larger females along a temperature gradient stresses the importance of considering sex in macroecological investigations of body size and other traits as the sexes respond differently to the selection pressures imposed along climate gradients. The switch from male-biased SSD to female-biased SSD at mid-latitudes is more than reminiscent of the pattern found in birds worldwide (Friedman and Remeš 2016) , hinting at a general pattern across major taxonomic boundaries. The biogeographical reversal from female-biased SSD in the north to male-biased SSD in the south opens up new avenues to understand how environment affects the origin and maintenance of sexual size dimorphism, the evolutionary processes that underlie it, and the geographical distribution of body size.
